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Abstract 
A single-sided high temperature superconducting (HTS) linear synchronous motor (HTSLSM) with an HTS bulk 
magnet array as its secondary has been developed. The thrust and normal force characteristics are essential to 
describe the performance of the HTSLSM. In this paper, a compositive control and experimental testing system has 
been developed to measure the thrust and normal force of the HTSLSM. The traits of the thrust and normal force 
have been comprehensively identified experimentally, and the results from the experiments and analysis benefit the 
electromagnetic design and the control scheme development for the HTSLSM. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
The high temperature superconducting (HTS) linear motors developed to date are mainly the HTS 
linear synchronous motors (HTSLSMs) with different application modes of HTS materials, including: 1) 
using zero-field-cooled (ZFC) HTS bulks on the secondary [1,2]; 2) using the magnetized HTS bulks or 
HTS coil magnets on the secondary [3-12]; and 3) using HTS windings on the primary [13]. Because of 
applying the HTS tapes with high current density or strong-pinning HTS bulks with high trapped fields, 
HTSLSMs have different characteristics and advantages compared to the conventional linear motors, so it 
is important to identify the performance like the thrust characteristics of the novel linear motors.     
In this work, a single-sided HTSLSM prototype using an YBCO(Y-123) HTS bulk magnet array as its 
secondary has been developed. In order to verify the dynamic performances of the HTSLSM, a 
compositive control and measurement system has been developed to study its thrust and normal force 
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characteristics, mainly including their variations versus the exciting currents, the air gap lengths, the 
number of magnetic poles, and the magnet arrangement schemes. 
2. Model of HTSLSM 
The model of the single-sided HTSLSM is shown in Fig. 1 as its top view. Its primary is a type of 
tooth-slot structure with concentrated winding, and the secondary is made of 24 YBCO HTS bulk 
magnets installed in a cryogenic vessel to form 6 alternating magnetic poles along the moving direction, 
and 4 identical poles are installed side by side along transversal direction to reach a suitable width. Main 
dimensions of the HTSLSM are summarized in Table 1. The flux linkage distribution along the 
longitudinal direction of the HTSLSM is shown in Fig. 2. The majority of magnetic flux flows along the 
iron core in the primary because of the high permeability while the flux path is in a regular-like pattern. 
The relative permeability of HTS bulk magnet ȝr is set to 0.4 by experiment. Considering the reluctances 
of the HTS bulk magnets and air gaps, the magnetic flux linkage of one coil due to one pole-pair HTS 
bulk magnets is calculated as ȥsc_1 = 0.42 mWb.  
For the long-primary HTSLSM, the stator copper loss cannot be neglected [14], the electromagnetic 
thrust can be therefore derived as follows 
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where I1 is the phase current, R1 the phase resistance, Xt the synchronous reactance, U1 the phase voltage, 
and U1 = I1(Xt + R1); φ the load shift angle, and φ = arctan R1/Xt; m the number of phases, E0 the no-load 
back electromotive force (EMF), and E0 = ʌkNN1ȥsc_1vs/ 2 Ĳ, N1 the number of turns of one winding, Ĳ the 
pole pitch, f  the working frequency. When the load angle ș = 90° - φ, the maximum Fem i.e. Fem_max can 
be obtained. 
Considering the condition of Ld = Lq for the single-sided HTSLSM, the normal force of HTSLSM can 
be deduced out as 
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where Ld and Lq are the d-axis and q-axis synchronous inductance, respectively; ȥd and ȥq the d-axis and 
q-axis magnetic flux linkage, respectively. When the Id = 0, Iq can obtain the maximum value of Iq = 
3 I1, therefore the (2) can be further simplified as Fn = 4.5I12dLd/dg. 
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Fig. 1. Model of the HTSLSM                                                                            Fig. 2. Flux linkage distribution of HTSLSM 
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Table 1. Dimensions of the single-sided HTSLSM 
Primary 
Slot length wsl (y-direction) 20 mm 
Slot depth hsl 100 mm 
Tooth length lt (y-direction) 10 mm 
Tooth width wt (z-direction) 150 mm 
Tooth pitch y1 30 mm 
Pole pitch Ĳ 45 mm 
Turns of one winding N1 200 
Secondary HTS 
bulk magnets 
Length ls (y-direction) 35 mm 
Width ws (z-direction) 37.5 mm 
Height hs (x-direction) 15 mm 
Trapped magnetic flux density 0.5 T 
Relative permeability ȝr 0.4 
Number along y-direction 6 
Number along z-direction 4 
3. Control and measurement systems
The voltage space vector pulse width modulation (SVPWM) control strategy as an optimized PWM 
method has been used and applied into the control system for the HTSLSM, and the SVPWM signals are 
generated by a LabVIEW based computer platform practically.  
With the measurement system for the HTSLSM as shown in Fig. 3, the locked-mover thrust can be 
measured by using the pulling sensor connected to one side of the secondary mover, and the load 
connected to the other side of the mover. The normal force can be tested by using the four pressure 
sensors symmetrically fixed between the secondary mover and the wheels. The calibration ratio curve of 
the pulling and pressure sensors is shown in Fig. 4. The locked-mover thrust and normal force of the 
HTSLSM are measured as shown in Fig. 5(a) and Fig. 5(b), respectively. From Fig. 5(a), the waveform of 
the locked-mover thrust is nearly sinusoidal, and the amplitude of which is the maximum thrust Fem_max. 
The locked-mover normal force waveform from Fig. 5(b) is also nearly sinusoidal whose amplitude is the 
maximum normal force Fn_max. So the thrust and normal force characteristics of the HTSLSM can be 
obtained by measuring the Fem_max and Fn_max under different conditions. 
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Fig. 3. Measurement system of thrust and normal force for the HTSLSM           Fig. 4. The rating curve of the pulling and pressure 
sensors 
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Fig. 5. Locked-mover thrust and normal force under f = 12 Hz, I1 = 3.36 A, g = 10.5 mm: (a) Fem versus time; (b) Fn versus time
4. Results and analysis 
4.1. Fem and Fn versus exciting current 
The influence of phase current I1 on the Fem and Fn has been investigated experimentally. When the 
trapped magnetic flux of YBCO HTS bulk magnet is Btrap = 0.5 T, f = 5 Hz, g = 10.5 mm, the Fem_max is 
measured as a function of I1 as shown in Fig. 6(a). It can be seen that the Fem_max increases almost linearly 
with I1, and shows a good agreement with the calculated results by the magnetic circuit method based on 
(1). The Fn_max also increases nearly linearly with the phase current as shown in Fig. 6(b). It exhibits a bit 
difference between the measurements and the calculations resulted from the measurement error. 
4.2. Fem and Fn versus length of air gap 
The influences of air gap length on the Fem and Fn are studied by changing the g from 10.5 mm to 16 
mm. The measurements show that the Fem_max and Fn_max decrease linearly as g increases as illustrated in 
Fig. 7. However, the slope of Fn_max decreasing rate is bigger than that of Fem_max obviously. When f = 5 
Hz, I = 5.44 A, the value of Fn_max / Fem_max changes from 3.17 to 2.15 as g varies from 10.5 to 16 mm. 
4.3. Fem and Fn versus number of magnetic poles 
The Fem and Fn are also influenced by the number of the magnetic poles linearly. When g = 13 mm, the 
Fem_max and Fn_max are measured in case of that the number of magnetic poles n is 2, 4, and 6 respectively. 
The results indicate that the Fem_max and Fn_max increase linearly with n as shown in Fig. 8, and the slope of 
rising rates increases with the amplitude of I1. Based on the calculations, the Fn_max / Fem_max decrease 
linearly with n.  
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Fig. 6 Fem_max and Fn_max versus phase current under f = 5 Hz, g = 10.5 mm: (a) Fem_max versus I1; (b) Fn_max versus I1
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Fig. 7. Fem_max and Fn_max influenced by air gap length for various working current: (a) Fem_max versus g; (b) Fn_max versus g
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Fig. 8. Fem_max and Fn_max versus the number of magnetic poles under various phase currents: (a) Fem_max versus n; (b) Fn_max versus n
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Fig. 9. Fem_max and Fn_max influenced by secondary magnet arrangements: (a) Fem_max versus I1 for different magnet arrangements; (b) 
Fn_max versus I1 for different magnet arrangements 
4.4. Fem and Fn versus different magnet arrangements 
The influences of different secondary magnet arrangements on the Fem and Fn are also studied 
experimentally. The Fem_max and Fn_max for two different magnet array models of 4 (y-direction) × 4 (z-
direction) and 8 (y-direction) × 2 (z-direction) are measured as a function of I1 as illustrated in Fig. 9. It is 
found out that the magnet array of 8 (y-direction) × 2 (z-direction) generates larger Fem_max and Fn_max with 
a smaller ratio of Fn_max / Fem_max than that by the magnet array 4 (y-direction) × 4 (z-direction). It may be 
caused by a larger end effect when the width of the 4 (y-direction) × 4 (z-direction) magnet array 
approaches to that of the primary stator, and the larger end effect, the larger loss. 
5. Conclusions 
A single-sided HTSLSM prototype with an HTS bulk magnet array as the secondary has been 
practically developed with theoretical modeling, design and analysis. The thrust and normal force 
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characteristics of the HTSLSM have been experimentally studied by a compositive control and 
measurement system. The experimental results obtained show that the maximum thrust and normal force 
increase linearly by increasing the phase current and the number of magnetic poles, or decreasing the air 
gap length; while the Fn_max / Fem_max decreases linearly with the phase current, air gap length and the 
number of magnetic poles. Under the same number of the total secondary magnets, the array with more 
poles has obtained a better drive performance having less end effect. This work verifies the 
electromagnetic design of an HTSLSM using an HTS bulk magnet array as its secondary. 
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